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CRITIOAL SPEEDS AND FROFILE DREAG OF THE IFBOARD SECTI0¥8
OF A CONVENTIONAL PROPBLLER -

By Arvo A, Luoma

SUMMARY -

Tho section critical speods and proflle drags of tho
ghank and bhub sections of a 10-foot 3—~inoch dilamoter propeller
(Pittsburgh Serew and Bolt drawing no. 614 Cc 15) used on
a ocurrent liguid-cooled—engine pureuit type of alrplane were
determired from tests made in the B-foot high-speed wind

tunnel.

A full-scale wooden propeller blade was made with
the twist of the blade removed so that all sections oper-
ated approximately from a common gero-1ift position, and
then vas mounted vertically in the wind tunnel, steel end .
supports belng used on both ends of the wooden blade to
increase the strength and rigildlty of the set-up.

Section critical specds woro obtained from maximum
negativo pressure measurements, Tho profile dragse at five
sectiong were obtained by statlic— and total-pressure surveys
of the wakes of those seotions and the use of Jones! equations
modifiod tv include comprossibility effecte, Section normal-
fcroe dveffilolionts wero determined for two blade sections
from completo pressure-distridution measurements.

Serious adverse compressipnillity effects can pe ex-
pected on' thé shank end hub sections at speeds of the
order: of 400 miles per hour with subsequent detrimental
effects on ‘propulesive efficlency. Suitable falrings to

delay the formation of.the oompressibility ehoock on these
seotione are desirable.

INTRODUGTION

Until recently adverse compressibility effects on
propeller drag were given consideratlion only for tip sec~
tions operating at high tip speeds. Cylinder drag tests
(reference 1) and other unpublished e¢ylinder drag data
indicate that at speeds of 325 miles per hour and higher
the compresslbillity effecta on the shank and hub sections



of conventlonal propellers assume sufficient lmportance

to Justlfy efforts to improve these sectlons eerodyneml-

cally. Increasing attention should be especially focused
on the shank and hub sections of propellerse used on pur-

suit end interceptor aircraft, particularly those having

liguid-cooled engines and thin nose forms because of the

large amount of the thick and nearly cylindrical sectlons
cf the propeller that may be exposed.

From data obtalned in teste made in the propeller-
research tunnel, where becaude of the low speeds (110 mph)
comnressibllity effects on the shank end the hub sectlons
can be naglected, Ilmprovement 1in propulsive efflclency of
about 4 percent was obtalned by the use of shank fairings
on a conventlonal propeller, At epeeds where compressi-
bility effects are pronounced such increases in propulsive
efficlency can be expected to be more maerked.

The purpose cf the present investigation was, pri-
marily, to determine the critical speeds and the profile=
drag coefficlents of the shank and hudb sectlons of a pro-
peller (Pittsburgh Screw and Bolt drawing no. 614 Co 15)
used on a current liquid-cooled~engine pursult airplane.

APPARATUS AND METHODS

The tests were made in the 8~foot high-speed wind
tunnel, which 1s a single-~return, circular~sectlon,
"cloasd-throat tunnel having an alr speed contlnuously con-
trollable from about 756 miles per hour to more than 500
miles per hour.,

A full-scale model of & propeller blade (Pittsburgh
Screw and Bolt drawing no. 614 Cc 15) of modified Clark
Y section as used on a current liguid-cooled-engine pur-
sult type of airplane was used in the tests. This model
was conetructed of wood and included the statlions from the
hub (12-inch station) to the 48-inch station. (See fig.
1,) Station numbers are the distances in inches from the
center line of the crankshaft to the airfoil sectlon. The
thin sections beyond the 48~inch station were not included
because the low strength of the wcoden model required =&
special method for supporting the blade in the wind tunnel,.

The twiet of the blade was removed so that the sec-
tions operated approximately from a commoan zero-l1ift



position. _The angles of sero 1ift for the various sec-
tions were calculated by the mothod given in the appendix
of refersnce 2 and checked by Munk's method for determin-
ing zero-li1ft angls (reference 3), Table I gives the re-
lationship between a the angle of attack, and ag the .
absolute angle of attack (based on calculated szero-1ift
poaition).

A total of 53 static~pressure orifices were located
at five sections of the model, so that complete pressure-
dilstribution measurements were obtained at the 18~ and
30-inch stations and peak negative pressures at the 13-,
- 24~-, &and RX6~inch statiouns, The model was mounted vertif
cally in the wind tunnel (fig. 2). aud steel end supporis
wero used to prevent excessive deflectiom of the wooden
blade. Provision was mare for changlng the adsolute an-
gle of attack from -1° to 139,

Static-pressure measurements were made at veloclties
from 140 miles per howr to 350 miles per hour and the ab-
solnte angle of attack was varled f£rom -1° $o 120, Simul=-
taneous obgervations of the pressures acting at the ori-
ficoes were obtained by photographlng a multiple-tube manom=
eter 1n which tetrebromoothane (specific gravity approxil-.
mately 3) was used.

The profile drags at flve sections were obtalned by
the momerntum method and the mse of Jones' equatione (rof-
eronce 4) modified to include compressibility effects.
Several sngles of ~ttack were included and velocltiee from-
140 mlleos per hour to 360 mlileer por hour were covered.
Sinultaneous observations of the total-head ard statie
pressure dlstribution behind the propeller sectlons were
made by photographing a multiple-tube integrating manometer.
in which alcokol was used.

PRECISION

The critical speeds of the propeller sections were
detérmined from static pressure measurements, and it 1s
estimated that the oritical Maoh numbers are accurate to.

The acouracy of the profile drags for the 24~inch
station (0.241 thickness ratio) and the thinner sections
- can be consldered equal to that usually obtained by the
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momentum method. For the 12-inch station (0,977 thickness
ratio) end the 18-inch station (0.451 thickness ratio) the
possible error in drag is prolably greater because the
bPluffness and tbe turbulent nature of the flow in the wake
of these sections undoudbtedly have some effect on the re-
sults.

In the derivation of Jonee! eguations for drag deter-
mination by the momentum method, the flow of eair behind a
body 18 assumed to be negligibly inclined to-1ts original
directlion, but, if the body £is bluff aand the total- and
statlc-pressure tubes aire located close behlind the dody,
a source of error may be 1ntroduced elnce in thils case the
assunption of negliglble 1nclination of {the flow at the
measuring plane may no longer be valid. On the other
hend, with a body of varying thickness ratlio like the pro-
peller blade tested, there 1ls probably eufficlent mixing
and cross filow of the sir behind the blade to defeat ef-
forts to measure the profile drag of a particular section
by locating the pressure tubes any great distance aft of
thls section., In view c¢f these facts, the total- and
statlc~-preseure surveys were made at distances behlnd the
trailing edges oZ the sections as follows: 1,6 chord
lengths behind the 12~inch station, 0.9 chord length be-
hind the 18-inch etatlon, 1.5 chord lengths behind the
24-inch statlon, and 1,3 chord lengths behlind the 30-1nch
and 3S5~inch stations.

Systemetic errors due to buoyancy and constriction
effects were negligible.

RESULTS ASD DISCUSSION
The aymbole used ln thils report are defined as fol-
lows:
a angle of attack

angle of attack, absolute (measured from calcu-~
lated zero-1ift position)

Cg

ca sectlion profile-drag coefficient
Cn gsectlon normel-force coefficient
c goctlion 1ift coeffilclent

v velocity



P static pressure

;n“,leg donﬁitt_

speed of sound .

dynamic pressare (1/2 Po¥To?)
P~Po

preéihrq coefficlent 3
o

Mach number (Vola)
maximum thickness of airfoll seotién
bhord 6f section

coefficlont of visgosity:

Vohob

o

distance along chord from leadlng edge

Reynolds number

‘W F o P K W a

r radlal distance from axls of rotation of propeller
to a 'tlade soction

B rndlal distance from axis of rotation of propeller
to tip of propeller

n re&olutions por unit time of propeller _
T; resultant volocity of propeoller blade soction
Subscripts: |
0 valute 1n ﬁhe updigturbed stream

cr values When the local spesd of sound has been
reached at gomo point-on-&he airfoil sectlon

The oritical Mach numbers of the shank and hnb sectionl
were determined from the Antoresectien of.ths curves of P
agalinat M and the " Pap . ourve, ag 'ehown 1n flgures 3 ma:
to ?, Where tests wora I;mited becvatuso of high loads,
tha curves of FPp,, &agalost M were extrapolated through
higher Mach number ranges, The oxtrapolations are belleved
"acourateo except possidliy at hilgh lift coefflcienta where
soparation offects may be encountsred. The conseguent
orrors in detormining ki, however, tend to be small
bocause the variation of ihe Pop ourvo in this Mach




number range 1es such that a given change 1n P produces a
relatively emall change 1in Mgy, Note curve in

fige, 3 to 7, See aleso equations (6a) and ?sb) of rofer—
ence 6,) Table II gives estimated and experimental valuocse
of M., &and shows the good agreement betwe®sn theory and
experiment, The estimated values of M,. were obtained

by increasing computed maximum nogetive pressure coef ficients
for lncompresslble flow or experimentally determined maximum
negntive pressure coefficlents at low spesd by the factor

1/¢1-— M®?, (See equation (7) of refersonco 5, )

The data of figuros 3 to 7 1llustrate the varjation
of Ppay wlth Mach number, and it le seepn that the variation
at low values of Ppgay 1is regular though ‘somowhat greater
than thoory indicates., TFilgures 4 to 7 reveal the fact
that at high values of PFPp,, thereo 1s a tondency for Prax
to increase at lowv Mach rumbers,.- The probable reason far
this is that the adverse prossura gradiont over the wupper
surface of a section becomes sufficiently bad, owing to
induced compressibllity effects so that separation occurs
on this surface, 4As a coneequence, there 1s a drop in veak
negative pressures as the Mach number 1s increasod from
ites lowost value to somewhat highor values corresponding
to tho movoment of the separation point to its farthest °
forward position., The erratic bshavior of the pressure
peaks of the 97,7-percont—thick 12-inch station as 1llus-
tratod in figure 3 can probably bo explalneAd partly by the
foregoing reasoning and partly by the fact that the section
was operating near the critical Reynolds number.

Figure 8 glves experimental ani thooretical pressure
distributions at several 1ift coefficlonts for the
15.3-peroent—-thick 30-inch station. The closeness of the
agrocment is indicativo of the accuracy with which H
can be theoretically calculatod.

The wvariatlion of M.r with radius and thickross ratio
is shown in figures 9 and 10, tae varlation with h/b being
particularly well ‘brought out, . The curves 1llustrate tho
fact that the of the nearly cylindrical hub section
t» iniependent o? angle of attack snd that the critiecal
spoeds of the ssctions become more depondent on angle of
attack as the thickness ratio decroasos. The curves also
gshow that at zero 1lift coefficient and at low 1l1ft coef-
ficlents shock occurs first on ti:o lowor surface of some of
the sections before it occurs on the upper surfece,



Curves of Moy againet o for the }O-percent—thick
soction are shown in figure 11, the data for these curves
being.taken from .tho curves of figure 10. For comparison
purposes Mgy values for a lO0-percent-thick Clark Y eection
as determined from section force tost data (reference 6)
are included, as woll as theorotical valwse for 10-percont-
thick Tlark Y and Clark IM scctions (data from reforence 5),
Ag can bo seen, the My, values for the propuller section
aro uniformly somewhat lower than the raference valunes for
thoese anglees of attack where comprossibllity shock first
appears on the uppor surface of the section, The main
significance of figure 11, however, is that, with this type
of section, attompte to relleve tlp critical-speed diffi.-
culties by decreasing the ¢ of tho tip sections (wash-
out of tiv) are limited by tﬁe establighment of lower
surface shock for 1lift ecefflolents leas than approxi.
mately 0.2,

Curves of relative wird volocity V, againet radius
ratlo r/R are shown in figure 12 for aassumed alrplane
spoeds of 400 miles per hour for maximum speed ani 325 mlles
per hour for cruising speed. A constant—speed propeller
of 15600 rpm was used 1n ithe calcaolation of the data for
those curves. 4lso included are tho experimentally
determinod critical epoeds of the propeller sections for
Gg = 4° and ag = 2° for sea-levol conditlone. The section
1ift coofficionts of the 12—, 18-, and 30-inch stations
are indicated on these critical-spensd curves. On the curve
at 0a = 3° for r/R valuos outboard of 0.46, shock occurs
first on the lower surface., The additional curvas ‘shown
arn theonretical critical-speed curves for sea—levol
conaltions, and were determined: (1) from thoorstical
prossure dlstributions made for four sections of the pro-
peller at lift coefficlents of 0.4 and 0.2, and (2) from
the data.of roference 5 for a Clark Y section which had
the same thickness ratlo as tho propeller sections 1or sgual
valuos of r/R. From figurs 12 it 1s ovident that for the
asgumed maximum sepoed at sea-level conditions pronounced
compressibility effocts should be expected. 4t altitude
these adverse oeffects are worae, that is, tho critical speeds
of the soctions are lower, It is not to be 1inferred, howevear,
that the general problem is as serious as indicated here,
This particular airplane-engine-propeller com®ination as
originally built suffered materially becauss of improper
goar ratio, ‘Provision of a .lower speed.gear can help
materially and stuiles have indlcated that clearance fron
adverse compresalbility effects may be possible at spoods
approaeching 400 miles per hour. Boyond this speed matarial
inereases in solidity will likely be reguired.
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The shank fairings used in the propeller-researoh-tunnel tests,
whioch resulted in an inorease of propulsive efficiency of ! percent
at low speed, were of [j0-percent thiokness ratio at the 12-inch
station. A 25-veroent thick fairing section at the 12-inch station
ocould be expected to account for even greater lncreases ln propulsive
effioiency, perticularly at higher speeds.

S8ection normal-foree coefficlents determined from complete
pressure~distribution data for the 18-inch station (0.451 thickness
ratio) and the 3C-inch station (0.153 thiokness ratio) are illustrated
by Pigures 13 and U4j. The variation of the slope of the o, ourve
of the 18-inoh station with Mach snumber.is entirely umlike the
theoretical variatlon whereby the slops inoreases with Mach aumber
for speeds up to the oritioal speed. Owlng to tho thiokness of this
section, merked senmaration effeots are induced as M 1s lnoreased,
affecting thereby the forces acting on ths section. In figure 1 the
data for the 30-inch station indiocate soms inorease in slove with
Mach number. The o valuse for the lowest Mach number are somewhat
erratic, as are also the values at ag = 10° and ay = 12°% Fram
an examination of the pressure-distribution plots, the high o,
value for ay, = 0° and ¥ = 0,185 18 scen to be due to the influence
of the presswres on the lower surface of this section. These
pressures are sufflolently more positive at the lowest Maoh number to
oounterbalance the incllnetion of o, to inorease, owing to induced
oonpregsibility effeots at higher Mach numbers. At high angles there
is a tondenny for the prossures on the upper surface aft of the
0.65 chord station to become more negative at low Mach numbers, so
that as a consequence the op values tend to be higher at low
¥ach numbers,

The profile drag of the shank and hub sections was determined
from total- and statle-~nregssure surveys of the wekes of the seotions,
due acoount being taken of oompressibility effects 1n the computing
equations useds Figures 15 and 16 give the profile drag of the
97sT=percent thiok 12-inch station. For ocomparison, the drag of a
Li-inoh diameter oylinder as obtained from umpublished tests made
in the 8-foot high-sveed tunnel is inoluded, From figures 15 and 16
and the nressure curves of figure 3, 1t is evident that the 12-inch
station section was operating near the critiocal Reymolds number
region where the flow, as a result of the bullding up of turbulence
in the boundary layer, changes from lamlnar separation ahead of the
central pleane to turbulent separatlion aft of the ceantral plane. This
change in flow has an apprecinble effeot on the pressure distribution
about the seotion (particularly the maximum negative pressures and
the pressures oft of the position of the maximum negative pressures)
and the profile drag of the seotion.



, d probable explanation for the behavior of the pro-
file drag of the 46.l-percent thick 18-inch station shown
in figure 17 for several angles of attack 1s as follows:
At the lowest Reynolds number (690,000) the flow was lam-
inar vith laminar separation somevhere aft of the maximum
thickness; with increasing Reynolds number the point of
separation moved forward with a resulting increase in
wake width and hence a larger drag: and, with further in-
crease in Beynolds number, transition from laminar bound-
ary layer to turbuleat boundary layer took place ahead of
the geparation point, with a resulting turbulent separa-
tion farther aft on the chord than when the separation
was laminar, and as & consequence a smaller wake width and
a decrease in drag resulted. Hencse, with increase in
Reynolds number, the initial increase in drag and then the
decrease ocecurs,

Figure 18 gives the profile drag of the 24.l-percent
thick 24-inch statlion for several angles of attack, At
ag. = 0° geparation effects aimiler to those obtalned for
the thicker 1l8-inch statlon appear. In this instance the
disturbances are probably connected with the lower surface
only. At high angles of attack the marked rise 1a drag is
probably due to separation effects induced by compressibil-
1ty. :

The profile drags of the 30-inch and 36-inch stations
are shown in figures 19 and 20 for several different angles
of attack., The general similarity to section data is to
be noted, and ths order of magnitude 1s about the same as
section data for these Reynolds aumbers,

CO¥CLUSIOES

The results indicate that serious adverse compressi-’
bility effectes can be expected at speeds of the order of
400 miles pasr hour,

It 48 evident that suitable fairings for the shank
and hud sections are a necessity for meximum propulsive
sfficiency. ' . .
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Good agreement in critical speed between basic sec-
tion data and the values obtelned from the sectlions as
used 1n a propeller can be expected for the lnboard sta-
tions.

Langley Memorial Aeronautical Laboratory,
FNational Advisory Committee for Aeronsutics,
Langley Field, Va,.
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TABLE I.- TEE AKGiE CF ATTACK o OF THE VARIOUS SECTIOES

COREESPONDING TO THE ANGLE  cp

—

Section B
(in.) (deg)
12 0 a=B+ay

18 -1.2

24 -2.9

30 -4,0

36 ~-4.4

‘43 -3.6

48 ~3.2

ag 4 . -ai(deg)
(aee)d 1 ; e
12=4in, 18-1n'§ 24-1in. izo-in. 36~in, | 42~-1in. |[48-1in.
t 1
-1 | -1 -2.2 i -3.0 i -5.0 | ~5.4 | -4.6 | -4.2
0 0 -1.2 -2.9 ~4.0 -4,4 -3.6 | ~-2.3
2 2 .8 -9 ~3.0 -2.4 -1.6 | -1.2
4 4 2.8 1.1 0 -4 o4 .8
6 6 4.8 3.1 2.0 1.6 2.4 2.8
8 8 6.8 5.1 4.0 3.6 4.4 4,8
10 10 8.8 7.1 6.0 5.6 6.4 6.8
12 12 10.8 9.1 8,0 7.6 8.4 8.8
|




poure}qo ArTejuswrasdxe posds—~MOT WOIJ POUTHIONOD SJIOM SoUTRA
BUCTANQTIASTY oangssad

*sW — T/T 202087 £q peseexour senTes X¥U; eaTyESeu

P N ——— {
POTBLTG50 I9Y30
eTqIss2xdmwoout Te0T48I00Y) WOILF soneA TBEI oaT9wReu WO

2t — TM/1T 201083 £q peswaIoul puw
IJ DOUTWIONSD SJoM §6NTBA POITUIINE,

L6" cLe 29°
— -] — JIeMOT
. .JN._« .9. w#
wlm.ld —_— mWLw xeddp
0€* 1L 09°
—_—F —_— —n I8MOTT
. e i » N#
@:lﬂ .mn.ll.m -N._IN..l.W Zeddq
N@- ML . x..‘..l »
i9° ——2 159 &..,.m a6 |N\.m eG!’ g Janog
2 o
W 199 T S S R P
ot gy° (SN I 9¢* 9G° 0g° 09" |&Ey el o 5% | 69 778 | OL i), aeddn
oL’ 09* % .
oL- 5738 | 997 T38| < G o | 06° TC* | Ieno]
0€
9° . ° 2L’ -
on* 0g* <" as* cG* QG oo gc” o o 9 557 | 99° o' | 9" L | ae€dpn
69° 15 - 79° 79° 19° 09° | JeMo]
] i 42
6h* |6h° | W&t {24t €6 (gt | o5 LGt | ger ot oot lfgt fz9t 49" | €9 (wg° |=eddn
Qs G 6a” o 6G” Lo LGt | aeno] o1
o snt fent 6% jog ftet fotgr et | oe¢t G twt jCGt ) ect lggt | 9670 19670 jaeddn
go m._wn ) om. Om- OrM. - N.V.J.- - r\\.u.ﬂ.u - - - .\mmz.ouH
: - 21
CH'O0 |9%"0 | SHO :{On°0 | 940 {90 | Gv*0 |GH'O | 940 [CH'C | Svt0 IGH'0 | o4O l¢nt0 | --- === zeddn
Tejusm {peem .mmuco& @mpms.. Tejusm|{peleul| TeqUOR|PoYBW| TRIUSU [pelsui| Te)Usn] pejel| TElUsW|polsml| TRUSH|pelsu
~T20dXg |-118q {~TIedXy | ~118Y I—1100%7 |-138F |~T1edxXy | ~T138% |~ T1odxy |~1957 |~Tledxy! —T385| ~T1edXy | ~T380 | ~TI0dXT |~T26H (ut)
- 9987 JuoTy
02T = ®p 00T = ®o o8 = %o 09 = o o = o o2 = B o0 = °p o~ = ¥ |-ang [-m3s
R Al (rn ety e Ll AR tiaTe i kut Abliialel ® s e pas

i -
N

SEOIIO®S FAVIE:¥0d SENTVA CEIVALISE HIIM SUIMANN EDWW ~v

AT AT AT




100 .10
.90H .09
80 .
@ ~J.-5lD o8
70 Vi AN .07
.80 .06
h|! / \ | |2
5[] D
S0H \ .05
; R \
40 A .04
- i
.30 ; \ \.03
1
1
N 1 1 h
200 T S .02
: 1 , \\l
.10 i \I‘ . ot
R R LE SN l SRS
0 o CHIREIEL S o
2 .3 4 5 & 7 8 3
r/R

Figure 1l.- Blade-form ourve for steel propeller
10 feet 3 inches in diameter.
Pittsburgh Screw and Bolt drawing no. 614Celb.
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Figure 5.- For the 24-inch station.

Figure 4,5.- Effect of compressibility on the maximum negative pressure coefficient for the 18 and 24-inch stations.
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Figures 6,7.- Effect of compressibility on the maximum negative
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Figure 7.- For the 36-inch station.
pressure coefficient for the 30 and 36-inch stations.
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Figures 13,14.- Section normal-force coefficient characteristics for
various Mach numbers; 18-inch and 30-inch stations.
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